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Abstract 
Chemical wear during high speed machining of titanium alloys is a serious problem which affects the surface integrity of both 
the tool and workpiece. A low cost, novel diffusion couple method is presented which allows for thorough analysis of the tool-
workpiece interface at the high temperatures reached during conventional machining operations. X-EDS analysis reveals that no 
less than seven distinct diffusion zones arise between Ti-6Al-4V and a WC-Co tool which are home to different phases and 
reaction species. Loss of cobalt binder coupled with a deficit of carbon results in a brittle η-phase leading to catastrophic 
fracturing of the tool. DICTRA is employed to thermodynamically model the diffusion mechanisms and verify the X-EDS 
results. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
During machining of titanium alloys, the intimate contact 
between the workpiece and tool at temperatures above 800°C 
provide a high thermodynamic driving force for diffusion of 
tool material atoms across the tool-workpiece interface [1]. 
This theory is also valid for diffusion of workpiece atoms into 
the tool. 
In titanium alloy machining; Ezugwu and Wang [2] 
summarised tool wear as a combined effect of abrasion, plastic 
deformation, adhesion, and chemical reaction between the 
workpiece and cutting tool. It has been observed that 
mechanical wear dominates at low cutting speeds while 
chemical reactivity between the tool and workpiece plays a 
more critical role at higher speeds. At higher cutting speeds, 
the relative contribution of chemical wear to the total wear 
increases exponentially, since the solubility and diffusivity 
follow an Arrhenius type of relationship with temperature [3]. 
Despite new coating technologies currently being 
developed to aid titanium machining [4], customers are still 
using the same 1930s technology [5] of uncoated straight-
grade carbide tools for longer tool life and enhanced 
workpiece surface integrity. This same tool is used for all 
titanium alloys irrespective of phase morphology or chemistry. 
This is despite the fact that different classes of titanium alloys 
exhibit markedly different machining characteristics [6]. 
Many researchers recognise the important role of chemical 
wear during high speed machining operations [7-9] but fail to 
investigate these reaction mechanisms prior to costly 
machining trials. More recently, some researchers have 
attempted to replicate the machining environment with a 
variety of different diffusion couple methods [10,11]. 
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However, there is currently no recognized standard diffusion 
couple test which is reliable, informative and indicative of an 
industrial machining trial. This paper presents a novel 
diffusion bonding method which, when coupled with 
thermodynamic modelling can provide a strong indication of 
the complex reaction mechanisms at the tool-workpiece 
interface. This work will help the machining community to 
understand tool wear mechanisms at new levels of detail. 
Furthermore it could play a role in enhancing tool grade 
development for increased efficiency in titanium machining.  
2. Experimental procedure 
2.1. Materials 
For this study, six titanium alloys were used ranging from 
near-alpha to metastable-beta classes: 
 
x Commerically Pure Ti (CP-Ti) 
x Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si-0.06C (Ti-834) 
x Ti-6Al-4V (Ti-64) 
x Ti-5Al-4V-0.8Mo-0.5Fe (Ti-54M) 
x Ti-6Al-2Sn-4Zr-6Mo (Ti-6246) 
x Ti-5Al-5Mo-5V-3Cr-0.6Fe (Ti-5553) 
 
All were supplied in the as-forged billet condition from 
TIMET UK except Ti-5553 which was supplied by Messier-
Bugatti-Dowty. 
Tools were supplied by AB Sandvik Coromant of the grade 
H13A which is an uncoated tool containing 6 wt.% Co as the 
binder phase. This is the grade which is recommended to 
industry for machining of titanium alloys 
2.2. Test rig 
Fig. 1 shows the sample loaded on the thermomechanical 
test rig at Imperial College London. The rig consists of a 
furnace containing two graphite rods which compress the 
sample at a desired force and temperature under a vacuum of 
~10-5 torr. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To reflect the high temperatures reached at the cutting zone 
during high speed machining, the furnace was set to 1000°C 
and the samples held for 2 h under a light clamping load of 
150 N to help initiate an intimate bond. 
2.3. Sample preparation and analysis 
Each titanium sample was sectioned into a coupon 
measuring 20x20x5 mm and then subsequently ground and 
polished to a mirror finish. All samples and tools were then 
ultrasonically cleaned prior to furnace treatment. The samples 
were set up in a ‘sandwich’ fashion consisting of a tool with a 
titanium alloy on either side. This allowed for two alloys to be 
tested simultaneously. After heat treatment, the samples were 
carefully sectioned in half and cold mounted to help preserve 
the bond. They were once again ground and polished using 
standard methods. Microstructure analysis was carried out 
using SEM (Carl Zeiss EVO LS25) and X-EDS (Oxford 
Instruments).  
2.4. DICTRA thermodynamic modelling 
To verify and predict elemental diffusion and reaction 
species at the diffusion interface between the tool and 
workpiece, DICTRA was employed to simulate the diffusion 
couple between Ti-6Al-4V and the WC-Co tool. DICTRA is 
an add-on module to Thermo-Calc developed by Thermo-Calc 
Software AB, Sweden. 
The thermodynamic database TCFE8 and mobility 
database MOBFE3 were ran using the homogenisation model. 
The simulation was programmed at 1000°C to match the 
experimental setup. However, in order to achieve sensible 
simulation times, the theoretical heat treatment time was set to 
600 s and the grid size 200 µm. 
3. Results and discussion 
Fig. 2 shows micrographs of the interface of the six 
diffusion couples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The thermomechanical compression unit at Imperial College 
London. 
a b 
c d 
Figure 2.Backscatter SEM micrographs of the diffusion couple interfaces 
between the WC-Co tool and (a) CP-Ti; (b) Ti-834; (c) Ti-64 and (d) Ti-54M. 
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All of the titanium alloys formed a strong diffusion bond 
with the tool save for Ti-6246. Fig. 2(e) shows two separate 
micrographs which have been oriented similarly to the others 
for the ease of direct comparison. The micrographs clearly 
show evidence for chemical wear between the tool and 
titanium alloy substrate. Clear, pronounced diffusion bands 
are apparent in all cases, especially in Fig. 2(a) for CP-Ti. As 
well as observing these marked diffusion bands, the 
micrographs also show strengthening of the beta-phase at the 
subsurface of the titanium alloy substrate. To help understand 
the diffusion bands in the tool and phase morphology of the 
titanium alloy the X-EDS results are shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figs. 3-8 show the X-EDS and DICTRA plots for the  Ti-
6Al-4V diffusion couple. The X-EDS results were obtained 
via a line scan across the diffusion interface. The approximate 
position of which can be seen in red in Fig. 1(c). DICTRA 
plots both the weight percent and mole fraction which are not 
too dissimilar in this example. It can be seen that there is 
strong agreement between the DICTRA profiles and X-EDS 
elemental analysis. The DICTRA plots have been normalised 
to match the length of the X-EDS line scan. 
Looking at diffusion interfaces in Fig. 2 together with the 
X-EDS/DICTRA plots in Figs. 3-8, seven defined phases can 
be observed. Fig. 9 labels these bands more clearly for    
Ti-6Al-4V + WC-Co. 
 
 
 
 
Figure 2. Backscatter SEM micrographs of the diffusion couple interfaces 
between the tool and (e) Ti-6246 and (f) Ti-5553. 
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Figure 3. X-EDS and DICTRA profiles of Ti for the diffusion couple of    
Ti-6Al-4V and WC-Co tool. 
Figure 4. X-EDS and DICTRA profiles of Al for the diffusion couple of 
Ti-6Al-4V and WC-Co tool. 
Figure 5. X-EDS and DICTRA profiles of V for the diffusion couple of 
Ti-6Al-4V and WC-Co tool. 
Figure 7. X-EDS and DICTRA profiles of C for the diffusion couple of         
Ti-6Al-4V and WC-Co tool. 
Figure 6. X-EDS and DICTRA profiles of W for the diffusion couple of 
Ti-6Al-4V and WC-Co tool. 
Figure 8. X-EDS and DICTRA profiles of Co for the diffusion couple of   
Ti-6Al-4V and WC-Co tool. 
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Zone 1 is the Ti-6Al-4V bulk. This area is unaffected by 
chemical interaction with the tool. Zone 2 shows a high beta-
phase strengthened region near the tool-alloy interface. Here, 
one can also observe the gradient to which the beta phase is 
being strengthened i.e. more so at the interface and gradually 
less towards the bulk. Cobalt is a beta-stabiliser and Fig. 8 
shows how the diffusion of cobalt from the tool across the 
interface and into the titanium is enhancing the quantity of 
beta-phase. Furthermore, it can be seen how DICTRA shows 
strong agreement for this diffusion of cobalt. Molchanova 
shows [12] how just 9.5 wt.% of cobalt is required to lower 
the beta-transus temperature by 200°C. This localised region 
of enhanced titanium-cobalt experiences a rapidly 
accelerating diffusion rate providing the driving force for 
other constituents to transport across the interface. This 
localised region is composed of Ti2Co + beta. Zone 3 depicts 
a solid solution of dark TiC and lighter WC with a relatively 
small amount of cobalt binder. Zone 4 is highly enriched in 
TiC due to carbon favouring this bond over that with tungsten. 
The brighter specs in this region are free tungsten. The bright 
band of Zone 5 corresponds to a high concentration of cobalt. 
This is important as it shows how the cobalt binder is drawn 
from the tool to the interface. There is also a strong presence 
of tungsten. The cobalt diffusion, coupled with the high 
concentrations of carbon in Zones 3-4 leaves a markedly 
brittle region in Zone 6. Here, at the deficit of carbon, the tool 
becomes three-phase and contains Co3W3Cy (W2C), known as 
the η-phase [13]. Due to the depleted carbon and cobalt 
content in this region, it becomes brittle and prone to 
catastrophic fracturing. Chemical tool wear via this 
mechanism is clearly visible by the fractures in Figs. 2a,b,e,f 
and Fig. 9. Lastly, Zone 7 is the WC-Co tool bulk and is 
unaffected by chemical interaction with the workpiece. 
4. Conclusions 
After novel diffusion couple tests using a range of titanium 
aerospace alloys; validated with accurate thermodynamic 
modelling, the following conclusions can be made: 
 
x The bespoke compression rig is ideal for creating a strong 
diffusion bond with clear, defined diffusion bands 
x Seven of these diffusion bands of different chemistries and 
phases can be defined giving an insight into how the 
mechanisms of chemical tool wear occur 
x Analysis of these phases and reaction species could suggest 
better  pairing between tool and workpiece materials 
x DICTRA can be used to accurately model elemental 
diffusion between a tool and workpiece 
x Evidence of cobalt diffusion up to 30 µm deep into the 
titanium alloy substrate 
x Loss of cobalt and carbon to the interface results in 
formation of η-phase which is brittle and prone to 
fracturing 
x Chemical wear is seen to affect the surface integrity of 
both the tool and workpiece 
 
This low-cost diffusion couple method has shown how it 
can help the machining community to better understand tool 
wear mechanisms. Rapid, inexpensive tests paired with 
careful thermodynamic modeling can give strong 
machinability indications for chosen tool-workpiece material 
pairs. 
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Figure 9. Backscatter SEM micrograph of the diffusion bonded interface 
between Ti-6Al-4V and a WC-Co tool. (1) Ti-6Al-4V bulk; (2) Ti2Co+beta; 
(3) TiC+WC+Co; (4) TiC+W; (5) Co+W; (6) Co3W3Cy {W2C} and (7)    
WC-Co bulk. 
